This report describes the Active Noise Cancellation System designed by General Electric and tested in the NASA Lewis Research Center's 48 inch Active Noise Control Fan. The goal of this study was to assess the feasibility of using wall mounted secondary acoustic sources and sensors within the duct of a high bypass turbofan aircraft engine for active noise cancellation of fan tones. The control system is based on a modal control approach. A known acoustic mode propagating in the fan duct is canceled using an array of flush-mounted compact sound sources. Controller inputs are signals from a shaft encoder and a microphone array which senses the residual acoustic mode in the duct. The canceling modal signal is generated by a modal controller.
A unique characteristic of turbomachinery noise is the modal structure. The acoustic waveform is threedimensional and highly complex, and is best described as a spinning mode. Knowledge of these spinning modes is important to identify the generation mechanism and to successfully apply noise control. Previous work 4 has shown the potential for modal control to reduce the tone levels of ducted fans.
This report describes the Active Noise Cancellation
System designed by General Electric (GE) and tested in the NASA Lewis Research Center's 48 inch Active Noise
Control Fan. The goal of this study is to assess the feasibility of using wall mounted secondary acoustic sources and sensors within the duct of a high bypass turbofan aircraft engine for active noise cancellation of fan tones.
The GE ANC system is based on a modal control approach. A known acoustic mode propagating in the fan duct is canceled using an array of flush-mounted compact sound sources. The canceling modal signal is generated by a modal controller. Inputs to the controller are signals *Senior Member, AIAA. "This paper is declared a work of the U.S. Government and is not subject to copyright protection in the United States." NASA TM-107458 fromashaft encoder and fromamicrophone array which senses theresidual acoustic mode intheduct.
The NASA ANCF facilityuses a16-bladed variablepitchrotorandcanbeconfigured withstator vanes to provide specific mode generation andpropagation for activenoise control research. A unique feature onthe ANCF isthedirect attachment oftherotorcenterbody to therigsupport column, eliminating theneed forstruts, which could contaminate acoustic measurements. Additionally, anInflowControl Device (ICD)allows forstatic testing. Thecombination oflowtip speed (~400 ft/sec) andthe48in. diameter produces fantones ofthesame frequencies produced byfull size advanced engines. Figure1 shows aschematic oftheANCF. Theparameters describing theNASA fanconfiguration used forthistest aregiven below in Table I . The fan configuration was chosen such that no modes are cut-on at the Blade Passage Frequency (BPF). The (6,0) mode is cut-on when the fan RPM reaches 64.8 percent of the maximum speed. The 1053 Hz cut-on frequency for the second radial mode (6,1) is outside the maximum RPM range of the test plan.
The target rpm for this system was chosen to correspond to a 2BPF tone of 935 Hz. The system was designed to operate with a bandwidth of at least 10 percent.
Actuator Array Design and Implementation
Acoustic Array Design
A simulation tool based on a closed-form analytical simulation has been developed by R.E. Kraft 5,6 at GE Aircraft Engines to determine the acoustic modes generated by an N-element ring source in a cylindrical duct.
This simulation was used to design the acoustic array. The simulation decomposes the sound field generated by a ring source into its individual modal components. It assumes the ring source is composed of a number of"piston-like" individual sources. Inputs to the simulation are the number of actuators on thering source, the mode tobe generated, and source solidity (area of source divided by total ring area). Results are given in terms of the energy in the mode to be excited as well as the spillover energy into undesired higher order modes. The goal of the acoustic array design was to reach a compromise configuration which minimizes:
• Number and solidity of the actuator elements ........
• Spillover into uncontrolled higher-order modes,
• Energy required by the actuator. Table II . Energy in m = 6/m = -10: 1.68
Array Element Design
The results of the array design were used as the basis for a preliminary design of the individual array elements.
Each array element consists of a plate radiator mounted in a frame. The plate radiator is excited by a Piezoceramic (PZT) thin plate bonded to the plate radiator. The plate radiator is designed 7 so that the resonance frequency of its first mode corresponds to the design frequency of 935 Hz.
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Analytical models andexperimental data were used toestimate thewidth, thickness, andmaterial oftheplate radiator required fora7.086 in.length andafirst-mode resonance frequency of935 Hz. Two design iterations were conducted. Thefinalplatedesign consists ofa0.080 in. thick aluminum plate ofdimensions 7.008-in. by4.488-in.
Theplate radiators aremounted in a0.50-in. thick aluminum frame and clamped using a22-hole bolt pattem torqued to100 in.-lb. A series oftests were conducted to investigate variations inresonance frequency fordifferent radiator plates and various assembly processes. Four pairs ofplate radiators and PZT actuators were used. Variations inresonance frequency andamplitudewerelimitedto 6 Hz and 1dB, respectively. Damping ratiovariations were also small. A5percent variation intheplate firstmode resonance frequency, withnosignificant change in damping ratio anda 20 Hz,3-dBbandwidth wasobtained usinga variable clamping forceontheframe andtheuseof (1) 1/8-in. compliant gaskets oneach sideof theplate(2) 1/16-in. gaskets, and(3)bare frame (nogaskets).
Anrpm bandwidth ofatleast 10 percent was desireable. Toincrease the bandwith thedamping ratio was increased. Acommercial structural damping material was also tested to finetuneplateradiators andcontrol theirdamping. Damping layer thicknesses of1/2-in. by2-in. and1-in. by 2-in. were tested. The damping ratios foruntreated, l/2-in. by2-in. treated, and1-in. by2-in. treated plates were 1.1, 1.5and2.2percent, respectively. Thefirstmode resonance frequency decreased from907 to854 to807 Hzwith increasing damping ratiodueto theincreasing mass loading.
Finally, itwasshown that theelectric circuit driving thePZTactuator (amplifier and matching circuits) affects theresonance frequency of theassembly byasmuch as 5percent forthedesign used inthisstudy. Thisshows that it isfeasible totune theactuator resonance frequency and damping by adjusting theimpedance of thematching circuit.
It wasconcluded that theaddition ofdamping materialwasthemost effective andsimple waytotune plate radiators andcontrol theirdamping forthisprogram. A 1-in. by2-in. external damping layer was applied toallthe plate radiators which raised their damping factor froman average ofabout 0.5percent to~2percent.
Longtermreliability testing for theplateradiator/ PZTactuator combination wasconducted. Theplate radiator wasrunsuccessfully for340hratasound pressure level of130 dB(PZT actuator driven at80Vrms), and for 170hrat134dBmeasured 50.8mmaway fromthe center ofthediaphragm. Figure 2shows adiagram ofthe finalarray element configuration.
Modal Control Algorithm
Modal Control Strategy A modal control strategy was developed at GE CRD for the active control of fan noise. This approach has the potential to be simpler than the time-or frequency-domain approaches.
It allows each acoustic mode propagating in the fan duct to be controlled yielding a much better control over the far-field noise radiation than the standard time-or frequency-domain approaches.
The basic principle is as follows. These assumptions areappropriate tofull-scale turbofan engines withtheexception ofthenumber ofmodes.
Modal Control Concept
The fan noise is generated by interactions between rotor blades and stator vanes. The primary noise is tonal introducing an "effort" term and a "rate" term in the cost function as follows.
The three terms in Eq. (4) are generally called the "error" term, the "effort" term and the "rate" term. In the case where the number of secondary sources is the same as the number of error sensors, the rhatrix C is square and for this cost function thus becomes:
The variables in equations 4 and 5 are defined as follows: y(k) and e(k) are the vector of signals to the secondary sources and the error signal vector, respectively at the kth iteration; m is the step size; ede s is a set of desired error outputs; 9_1is a weighting coefficient for the control signals and has the effect of preventing small reductions at the error sensors at the expense of large control signals; e 2 is a weighting coefficient that penalizes large changes in NASA TM-107458 4 thecontrol variables which cansometimes have adestabilizingeffect oniterative algorithms.
Modal solution
Let us define a spatial modal vector as:
where m is the circumferential mode order and N is the number of actuators and sensors evenly positioned around the duct. The spatial modal vectors V are orthogonal and satisfy the following relationship:
¥/H Ym = forl= (7) where 1 and m are integers smaller than N.
The output vector from the microphone array in the duct can be written as a summation of several modes.
Since the primary goal is to control one single circumferential mode (m = 6), the output from the controller to the actuator can be expressed as:
where YM(k) is a complex number representing the modal controller output at the kth iteration.
In Newton's algorithm, the system transfer function C has to be provided to update the input to the actuators.
The easiest way to measure the transfer function is to send a signal to the actuators and to measure the microphone outputs without the primary noise sources. The transfer function can be easily calculated as:
where C M = Xcal/Yca1 is mth modal transfer function coefficient. Its inverse is given as
By multiplying both sides of Eq. (5) by the modal vector V M, we get:
The above vector equation can be Simplified to the following scalar equation:
Sensor and Actuator Calibration
Any difference among the actuator channels (both in amplitude and phase) must be compensated for since we want to generate a single spatial mode from the actuator array. These differences can be caused by differences between the actuator mechanical and electronic elements.
The exact modal information needs to be extracted from the sensor array, any difference (magnitude and phase) among sensor input channels also has to be compensated for. These differences can be caused by differences between sensors and/or sensor electronics (all the way to the controller digital input). The responses and gains of the sensors can be assumed to be linear and not to change during the test period allowing the sensor calibration to be conducted off-line.
Time-domain averaging is used in the data acquisition process to minimize the effect of broadband noise. • 32-input microphone signal conditioning including on all channels: microphone preamplifier and power supply, 0 to 40 dB adjustable gain, and active 4-pole lowpass and high-pass filters programmable using plug-in resistor packs.
• 16-output array element signal conditioning including on all channels: adjustable gain and active 4-pole low-pass reconstruction filter programmable using plug-in resistor packs. 2. Calibrate the actuators using the feedback microphones.
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Acalibration signal was sent toeach actuator fromthe controller todrivetheactuator in theselected frequency range. Atransfer function was measured between thecalibration signal (asareference) andeach feedback microphoneinput(microphone sensitivity andphase was compensated). Each actuator output was multiplied bythe inverse ofitstransfer function tocompensate forthe phase andamplitude differences among all channels during controller operation.
Calibrate the input sensors.
A calibration signal was sent to the calibrator from the controller to drive each actuator in the selected frequency range. A transfer function was measured between the control microphone and the microphone inside the calibrator (as a reference). Each feedback microphone input was multiplied by the inverse of its transfer function to compensate for thephase and amplitude differences among all channels during controller operation.
The speaker calibration process was initially designed to compensate for actuator sensitivity and phase variation among all channels for both on-line and off-line operation.
This procedure was instituted when it was observed that actuator sensitivity varied with different input levels for an initially selected PZT material. A feedback sensor was designed to monitor the sensitivity change during operation and to allow on-line compensation.
It was found that actuator non-linearity was not an issue when using the final selection for PZT material, and, combined with the difficulty of implementing on-line calibration within the tight test schedule, it was decided not to implement on-line calibration in the software, and the calibration was accomplished off-line as described above.
The first resonance frequency of the piezoceramic bender element is around 900 Hz. Mode power structure obtained from the rotating rake is plotted in three-dimensional bar graph format with circumferential mode index along one horizontal axis, radial mode index along the other, and mode PWL as bar height. Along the back wall the total power in each circumferential mode is shown. The control off mode structure is presented in Fig. 7(a) . This is the acoustic characteristic of the fan at 2BPF. Ideally, the only mode that would exist is the (6,0) due to rotor stator interaction, but, typically, neighboring modes are also excited, perhaps due to spacing or to blade-to-blade imperfections.
Also, other physical obstructions can cause periodic flow disturbances which generate modes.
An example is the ICD (Inflow Control Device) which excites the m = -1 mode. The total tone power at 2BPF of 113.0 dB is the sum of each circumferential mode. This mode is not very large, but its contribution limits the PWL reduction that can be obtained by eliminating the (6,0) mode. If the (6,0) mode were totally eliminated, the remaining power would be 101.4 dB. This means the maximum reduction possible is 11.6 dB PWL.
The same format is shown in Fig. 7(b) with the ANC system operating. The (6,0) mode has been completely eliminated, a 30 dB SPL reduction. There are small increases in a few of the other modes. The total power is 104.2 dB, a 8.8 dB PWL reduction out of a possible 11.6 dB. Figure 8(a) shows the mode structure of a similar control off case. The (6,0) mode and the noise floor are comparable to the case shown in Fig. 7(a) . The control on results are not as favorable, as seen in Fig. 8(b) . The (6,0) mode while greatly reduced, has a small remnant. A larger problem is the more numerous and larger spillover modes.
The total PWL reduction is 4.4 dB, not as high as the previous case.
A database of the complete mode structure was obtained and analyzed for each point. The amount of reduction achieved at a given configuration varied. These two cases were chosen to represent the results. The higher levels of reduction occur when the modal spillover is low, as in Fig. 7 . Higher spillover prevented full realization of the reduction in some runs, as seen in Fig. 8 . The severity of spillover varied with calibrations (system identification). In particular, the transfer function of the feedback microphones in the back chambers of the actuator exhibited variation.
The modal structure generated by ANC system with the fan off is presented in Fig. 9 . The outputs of the transducers were higher than during the standard runs, in this case 119 dB PWL. The spillover modes are generally down 20 to 30 dB or more. The sum of the spillover modal power is 10 dB below the total PWL. In a sense, this is the signal-to-noise ratio of the ANC system.
The farfield data confirm the reduction. A typical control on/off directivity comparison is shown in Fig. 10 . A 13 dB SPL reduction occurs in the (6,0) mode lobe at 125 percent. The ANC ring is installed in the aft and therefore only SPL data from 90 to 180 percent are relevant. Integrating these two curves would yield a 2.0 dB PWL reduction. However great care must be taken with this number as the integration may not be accurate due to azimuthal variations in SPL directivity that can occur when multiple mode levels are present.
Although not designed to cancel other than spinning modes with only a single radial, the ANC system was operated to cancel the m = 4 mode, which is generated when 28 stator vanes are installed in the rig. Up to 15 dB NASA TM-107458 8 PWL reduction occurs inthetotal m=4mode power level asshown inFig.11(a).
Atm=4,2radials arecut-on, the(4,0) and (4,1). The (4,1)cuts-on justbelow1480 rpm. Figure ll(b) shows cancellation occurs in bothradials overtherpmrange tested. Thetransducers canminimize onlythewallpressure, which inthiscase isthesuperposition ofthe (4,0) and (4,1) wall pressure. This isafunction ofspacing between allcomponents ofthesystem, since thephase speed varies withthecutoff ratio. The results indicate that global attenuation of PWL at the target frequency was obtained in the aft quadrant using an ANC actuator and sensor system totally contained within the duct.
A fan configuration with two radials present, which was beyond the design condition, was tested. The (4,0) and (4,1) modes were reduced simultaneously, yielding a 15 dB PWL decrease. The reduction in m = 4 occurred over a 12 percent rpm range. This system was not designed to reduce multiple radials, but good results were obtained.
Further investigation may determine the limits extending a system of this type to multiple radials.
The quality of the results depended on precise mode generation. High spillover into spurious modes generated by the ANC actuator array caused less than optimum levels of PWL reduction. The variation in spillover is believed to be due to the actuator calibration procedure, but must be confirmed in subsequent tests. Another possibility is structure-borne cross-talk between actuators. 
